Recombinant Norwalk virus-like particles (rNV VLPs) produced in insect cells were evaluated as an oral immunogen in CD1 and BALB/c mice by monitoring rNV-specific serum total and subclass immunoglobulin G (IgG) and intestinal IgA responses. Dose and kinetics of response were evaluated in the presence and absence of the mucosal adjuvant cholera toxin (CT). rNV-specific serum IgG and intestinal IgA were detected in the absence of CT, and the number of responders was not significantly different from that of mice administered VLPs with CT at most doses. The use of CT was associated with induction of higher levels of IgG in serum; this effect was greater at higher doses of VLPs. IgG in serum was detected in the majority of animals by 9 days postimmunization (dpi), and intestinal IgA responses were detected by 24 dpi. In the absence of CT, IgG2b was the dominant IgG subclass response in both mouse strains. Thus, nonreplicating rNV VLPs are immunogenic when administered orally in the absence of any delivery system or mucosal adjuvant. These studies demonstrate that rNV VLPs are an excellent model to study the oral delivery of antigen, and they are a potential mucosal vaccine for NV infections.
Norwalk virus (NV) is classified as a calicivirus based on virion morphology (nonenveloped icosahedral particle with cuplike depressions), biochemical properties (single capsid protein of 58 kDa), and characteristics of the viral genome (single-stranded RNA of positive polarity composed of three open reading frames) (24, 26, 27) . NV and NV-related agents are difficult to study because these viruses cannot be cultivated in cell culture and an animal model is not available for virus production or experimentation. In addition, very low concentrations of virus are excreted in stool samples of infected individuals and most excreted antigen is in the form of soluble or proteolytically cleaved capsid protein (17, 21) .
Infections with NV and other human caliciviruses (HuCVs) are recognized as the major cause of waterborne or foodborne gastroenteritis not attributable to bacterial pathogens in developed and developing countries (11, 22, 28) . In the United States, early estimates indicated that at least 42% of nonbacterial gastroenteritis outbreaks are caused by these viruses (29) . More recent estimates with new assays indicate that the incidence of HuCV-associated gastroenteritis is much greater than previously recognized; for example, in 1996 in The Netherlands, almost 90% of reported outbreaks were caused by these viruses (57) . Epidemic outbreaks of HuCV infection have occurred in schools, communities, families, recreational facilities, hospitals, nursing homes, day-care centers, and in the military, with illness rates generally exceeding 50% and occasionally exceeding 90% (7, 29) . Infections with NV and related viruses occur throughout the year and traditionally were thought to affect school-aged children and adults. However, the enhanced sensitivity of current detection assays has revealed a significant increase in the clinical importance and incidence of NV infections in infants and the elderly (11, 57) . A seroprevalence of 85% for Mexican children 2 years of age (25) and 95% for children 0 to 7 years of age in Kuwait (9) indicates that NV infections can occur at an early age. A cost-effective, broadly reactive, efficacious vaccine could be useful.
The symptoms of HuCV infection are self-limited, generally lasting 24 to 48 h, with infected individuals rarely requiring hospitalization or rehydration therapy. However, time away from work, school, or vacation activities can economically impact families and communities. A recent outbreak of NV infection aboard a U.S. aircraft carrier during Operation Desert Storm illustrates the adverse impact of NV or NV-related disease on military operations (51) .
Because infection by NV is localized to the intestine, induction of local immunity may be important for protection against infection and disease. Immunoglobulin A (IgA) is the predominant antibody at mucosal surfaces, is locally produced at a level that exceeds that of all of the other immunoglobulins (23, 41) , and is important for mucosal immunity. Hence, it is likely that an effective oral NV or NV-related vaccine will need to induce a specific intestinal IgA response. To date, the immune status of NV-infected individuals has not been well defined and constituents of a protective immune response are not known.
The second open reading frame of the NV genome encodes a single viral capsid protein that spontaneously assembles into virus-like particles (VLPs) when expressed in the baculovirus expression system (26) . Electron cryomicroscopy studies have shown that these VLPs are composed of 90 dimers of the 58-kDa protein arranged in a Tϭ3 symmetry (49) . Several unique properties of NV VLPs are advantageous for a mucosal immunogen. These properties include: (i) recombinant NV (rNV) capsids contain 180 copies of a single protein assembled into particles lacking nucleic acid; (ii) rNV VLPs are easily made and purified in large quantities, frequently more than 20 mg per 9 ϫ 10 8 cells; (iii) rNV particles are highly immuno-genic in experimental animals when administered parenterally with adjuvant (26) ; (iv) rNV VLPs are stable at low pH (such as the pH of the stomach), to lyophilization, and to long-term storage for up to 1 year in water or phosphate-buffered saline (PBS) at 4°C; (v) rNV VLPs are antigenically similar to native virions (16, 20) ; (vi) natural NV infections occur by the oral route, so oral delivery of rNV particles could induce similar immune responses; and (vii) the addition of protective epitopes of other pathogens is possible since the VLPs are composed of a single capsid protein and therefore amenable to molecular manipulation. Because of these properties, we tested the potential of rNV VLPs as an oral immunogen by examining the dose response of serum IgG and intestinal IgA and the kinetics of response of serum IgG, serum IgG subclasses, and intestinal IgA in mice after the oral delivery of VLPs in the presence and absence of the mucosal adjuvant cholera toxin (CT). These studies contribute to our understanding of the immune response to NV and serve as a model for the oral delivery of particulate immunogens.
MATERIALS AND METHODS
Recombinant NV VLP preparation and characterization. The rNV VLPs were prepared in Spodoptera frugiperda (Sf9) insect cells as previously described, with minor modifications (21, 26) . Sf9 cells were grown and maintained at 27°C in TNM-FH medium containing 10% fetal bovine serum (FBS) (54) . The cells were pelleted (10 min at 55 ϫ g), suspended in Grace's medium containing 0.5% FBS to a density of 2 ϫ 10 6 to 3 ϫ 10 6 cells/ml, and inoculated with rNV-baculovirus (Bac-rNVc8p4) at a multiplicity of infection of between 1 and 3 PFU/cell. After 7 days of culture of the infected cells on a stir bar base (85 rpm; Bellco), intact cells were pelleted (15 min at 490 ϫ g), the supernatant was collected, and debris was removed by centrifugation (30 min at 22,100 ϫ g). The rNV VLPs in the clarified supernatants were pelleted through a 30% sucrose cushion for 3 h at 121,900 ϫ g. The pelleted VLPs were suspended in sterile MilliQ water and banded in a step gradient of sucrose (20 to 65% sucrose; 3.5 ml per step) for 1 h at 112,700 ϫ g. Peak fractions containing the VLPs were pooled, and the VLPs were concentrated by pelleting for 3 h at 121,900 ϫ g and suspended in sterile MilliQ water.
The purified VLPs were characterized by sodium dodecyl sulfate (SDS)-polyacryamide gel electrophoresis (PAGE), followed by staining with Coomassie blue or silver nitrate to confirm the presence of the capsid protein with an apparent molecular weight of 58,000 (58K protein) and to check the purity of the rNV preparation. To ensure that the particles were intact, each preparation was examined by negative-stain electron microscopy (EM), using 1% ammonium molybdate. Protein concentration was determined by the BCA-protein assay according to the manufacturer-specified protocol using bovine serum albumin as the standard (Pierce, Rockford, Ill.). Sterility of each VLP preparation was established by bacteriologic cultures in Lennox L and thioglycolate broth incubated for a minimum of 2 weeks at 37°C, and endotoxin levels were measured by using the Limulus amebocyte lysate assay (Association of Cape Cod, Woods Hole, Mass.) (35, 44) . Antigenicity of the preparation was confirmed by Western blot analysis, using mouse hyperimmune antisera prepared against the rNV VLPs (26).
Oral immunization and sample collection. Adult (24 to 28 g) female CD1 mice (Charles River Laboratories, Portage, Mich.) were immunized by orally administering rNV particles in the presence or absence of 10 g of CT (Sigma Chemical Co., St. Louis, Mo.) on days 1, 2, 11, and 28. The VLPs (100 l) were orally delivered by gavage, using a stainless steel intubation needle (Popper and Sons, Inc., New Hyde Park, N.Y.). The concentration of VLPs varied between 5 and 500 g (5, 25, 50, 75, 100, 200, 300, 400, and 500 g) in the absence of CT and between 5 and 200 g (5, 25, 50, 75, 100, and 200 g) when administered with 10 g of CT.
An alternate immunization schedule was tested in one group of mice that received 500 g of VLPs on days 1 and 21 in the absence of CT adjuvant. Control mice were given PBS, pH 7.4, or PBS with CT. Individual preserum and stool samples were collected before the first immunization, and individual postimmunization samples were obtained between days 38 and 42. In some experiments, the kinetics of the immune response to rNV VLPs were compared in outbred CD1 and inbred BALB/c mice. For these experiments, 200 g of rNV particles was orally administered with or without 10 g of CT. Serum and fecal samples were collected before the first immunization, 1 week following the first two immunizations (day 9), after the third immunization (days 24 to 26), and following the last immunization (day 37 or 45).
Blood samples were collected by tail bleed, and fecal samples were obtained from individual mice by using a fecal collection cage (Baylor College of Medicine). Fecal samples were extracted by making a 1:5 to 1:12 suspension (wt/vol), depending on the weight of the sample, in PBS containing 0.1% Tween 20, 0.1 mg of soybean trypsin inhibitor/ml, and 0.1 mg of merthiolate/ml. Each suspension was thoroughly vortexed, sonicated for 10 min on ice, and centrifuged for 10 min in a microcentrifuge (12,000 ϫ g). The supernatant was collected and centrifuged again for 5 min in a microcentrifuge (12,000 ϫ g). The twice-clarified supernatant was collected and stored at Ϫ80°C until tested.
Antibody enzyme-linked immunosorbent assays (ELISAs). (i) Preparation of rNV VLP antigen-coated microtiter plates. Polyvinyl chloride 96-well plates (Dynatech Lab. Inc., Chantilly, Va.) were coated with rNV antigen by adding 100 l of rNV particles per well (0.35 g/ml based on the BCA assay) and incubating for 4 h at room temperature. Nonspecific protein binding was blocked overnight at 4°C with 5% (wt/vol) dry milk in PBS (5% BLOTTO) (serum IgG assay) or 10% (wt/vol) dry milk in PBS (10% BLOTTO) (rNV-specific fecal IgA assay).
(ii) Serum IgG ELISA. NV-specific IgG titers in serum were determined by testing individual samples on rNV VLP antigen-coated plates using the protocol described previously (15) . Test sera were prepared in 5% BLOTTO, serially diluted twofold down the microtiter plate, and incubated for 2 h at 37°C to permit antibody binding. Two control mouse serum samples were added to each plate: (i) a serum with a known NV-specific antibody titer and (ii) a serum sample known to lack NV-specific antibodies. Each test serum sample also was analyzed in a well lacking antigen to determine background binding. The plates were washed six times with 0.05% Tween 20 in PBS (PBS-T) and reacted for 1 h at 37°C with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Hyclone Laboratories, Inc., Logan, Utah) diluted 1:5,000 in 2.5% BLOTTO. The reaction was developed with 100 l per well of 4% 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) peroxidase liquid substrate system containing 0.02% hydrogen peroxide (Kirkegaard & Perry Lab., Gaithersburg, Md.) for 7 min, and color development was stopped by the addition of an equal volume of 1 M phosphoric acid. Absorbance measurements were made at 450 nm using a Titertek Multiskan Plus automatic plate reader (ICN Flow, Costa Mesa, Calif.). End point titers are reported as the reciprocal of the highest dilution that had an absorbance value greater than or equal to 0.1 above the background (absorbance of the well lacking antigen).
(iii) Serum IgG subclass ELISA. Serum samples collected from CD1 and BALB/c mice that were positive for rNV-specific total IgG (above) were evaluated for the presence of NV-specific IgG1, IgG2a, IgG2b, and IgG3 antibodies. These antibodies were evaluated to obtain an indication of the type of response elicited (Th1 versus Th2) by the rNV oral immunogen. Mouse IgG subclass standards and corresponding HRP-conjugated antibodies were obtained from Southern Biotechnology Assoc. (Birmingham, Ala.). The specificity, sensitivity, and optimal dilution of each reagent was confirmed prior to use. Each goat anti-mouse subclass IgG-HRP conjugate was used at a dilution determined to detect an equal quantity of the corresponding IgG subclass. The purified mouse standards were diluted in PBS to a starting concentration of 0.5 g/ml (IgG1), 0.125 g/ml (IgG2a and IgG2b), and 0.25 g/ml (IgG3), serially (twofold) diluted down the microtiter plates (100 l/well), and adsorbed for 4 h at room temperature. Serial twofold dilutions of the test sera prepared in 5% BLOTTO were added to the rNV-coated wells and incubated for 2 h at 37°C. The standards were incubated in 5% BLOTTO. After six washes in PBS-T, the IgG subclass-specific conjugated antibodies were diluted 1:5,000 (goat anti-mouse IgG1-and IgG2b-HRP), 1:2,500 (goat anti-mouse IgG2a-HRP), or 1:1,000 (goat anti-mouse IgG3-HRP) in 2.5% BLOTTO; 100 l/well was then added to the appropriate plate and incubated for 1 h at 37°C. The antibody conjugates were diluted to detect between 0.03 and 0.015 ng of the IgG subclass. The reaction was developed with TMB substrate for 7 min, stopped with 1 M phosphoric acid, and evaluated by absorbance measurements at 450 nm. End point titers are reported as the reciprocal of the highest dilution that had an absorbance value greater than or equal to 0.1 above that of the background well lacking antigen.
(iv) Fecal IgA ELISA. Each stool suspension was assayed for rNV-specific and total IgA in two separate ELISA protocols. To determine the level of rNVspecific fecal IgA, the stool extracts were diluted 1:1 with 2% BLOTTO containing 1% FBS, added to rNV antigen-coated and uncoated wells, serially diluted in 1% BLOTTO containing 0.5% FBS, and reacted for 2 h at 37°C. Purified mouse IgA standard (Sigma Chemical Co.) was diluted in 1% BLOTTO-0.5% FBS and added to each plate at concentrations of 1.0 to 0.002 g/ml. After six washes in PBS-T, 100 l of peroxidase-conjugated goat antimouse IgA (Sigma) diluted 1:10,000 in 2.5% BLOTTO containing 0.5% FBS was added to each well. The conjugated antibody was incubated for 1 h at 37°C. Both the IgA standard and the anti-mouse IgA conjugate were tested for mouse IgA specificity prior to use and were shown to detect 6.25 ng of IgA with no crossreactivity with purified IgG at a concentration of 160 ng or IgM at a concentration of 200 ng. The level of rNV-specific fecal IgA was calculated from a standard curve that was determined by the absorbance values of the IgA standard added to each plate. Only the linear portion of the curve was utilized in these calculations.
Total fecal IgA was determined by capturing all IgA molecules contained in the fecal extracts with goat anti-mouse IgA (Southern Biotechnology Assoc.). The capture antibody was diluted in 0.05 M bicarbonate buffer, pH 9.6, and adsorbed to the plates overnight at room temperature. Nonspecific protein binding was blocked with 10% BLOTTO for 3 h at 37°C. The initial dilution of each fecal extract varied according to the results of a preliminary screen of the IgA concentration. In the preliminary assay, the fecal extracts were diluted from 1:400 to 1:5,000 in 1% BLOTTO containing 0.5% FBS and were reacted for 2 h at 37°C. Once the optimal dilution of each stool suspension was determined, at least four dilutions of the fecal extracts were assayed. As positive and negative controls, purified IgA standard (Southern Biotechnology Assoc.) and IgG3, respectively, were diluted serially on each plate (twofold dilutions) beginning at a concentration of 1 g/ml. Peroxidase-conjugated goat anti-mouse IgA (Sigma) diluted 1:4,500 in 2.5% BLOTTO containing 3% FBS was added to each well, and the reaction was detected with 100 l per well of TMB peroxidase substrate (Kirkegaard & Perry Lab.). Each rNV-specific IgA level was expressed in ng/ml, and each corresponding total IgA level was expressed in g/ml. Fecal IgA responses were expressed as a ratio of the rNV-specific IgA (ng/ml) to total IgA (g/ml) (nanograms of specific IgA per microgram of total IgA). The intestinal IgA responses were expressed as a ratio because of the daily variation in the IgA concentration in fecal samples.
Antigen ELISA. (i) Detection of NV antigen in stool. To verify that the antibodies induced by the oral delivery of the rNV VLPs recognize and bind native NV particles in human stool samples, mouse sera collected after the oral delivery of the VLPs were tested in an antigen-capture ELISA (modified from reference 15). Briefly, microtiter plates were coated for 4 h at room temperature with 50 l/well of rabbit hyperimmune serum prepared against rNV (26) diluted 1:10,000 in PBS. Rabbit preimmune serum and uncoated wells were used to test background binding. The plates were blocked with 5% BLOTTO for 2 h at 37°C, and viral antigen was added from known positive and negative volunteer stool samples (15) . The antigen was prepared as 10% fecal suspensions in PBS and extracted with an equal volume of 1,1,2-trichloro-1,1,2-trifluroethane (DuPont, Wilmington, Del.) at 4°C. The antigen was diluted 1:1 in 2% BLOTTO, added to the coated and blocked plates (50 l/well), and incubated overnight at 4°C. Purified rNV was added at a concentration of 0.5 to 0.25 ng as a positive antigen control. The plates were washed five times with PBS-T and reacted with immune sera from mice orally immunized with VLPs at a dilution of 1:320 to 1:25,600 in 2% BLOTTO for 2 h at 37°C. Three different mouse sera were selected, with total serum IgG titers of 10,240, 51,200, and 204,800. After five washes with PBS-T, HRP-conjugated goat anti-mouse Ig (heavy-chain specific; Kirkegaard & Perry Lab.) diluted 1:7,000 in 1% BLOTTO containing 1% normal rabbit sera was reacted for 1 h at 37°C. The plates again were washed five times, and 100 l/well of TMB peroxidase substrate was added and reacted for 5 min at room temperature. Color development was stopped by the addition of 100 l of 1 M phosphoric acid/well, and the absorbance was determined at 450 nm.
Western blot analyses. The specificity of the reactivity of the mouse antisera to orally delivered rNV VLPs was evaluated by Western blot against Sf9 cell lysates and wild-type baculovirus-infected (Autographa californica nuclear polyhedrosis virus [34, 54] ) cell lysates; rNV particles were included as a positive control. Cell lysates were prepared as previously described (34) . The rNV particles and cell lysates were mixed with SDS-PAGE sample buffer (1% SDS, 10% 2-mercaptoethanol, 50 mM Tris-HCl [pH 6.8], 0.0025% phenol red, and 10% glycerol), heated at 100°C for 5 min, separated by electrophoresis on SDS-10% polyacrylamide gels, and transferred to nitrocellulose (Hybond-C pure; Amersham Life Science, Arlington Heights, Ill.) in 25 mM Tris, 192 mM glycine, and 20% (vol/vol) methanol. The efficiency of the protein separation and transfer was monitored by Ponceau S staining (Sigma) of the nitrocellulose membranes. A subset of the immune sera from mice that received orally delivered rNV VLPs and with ELISA titers ranging from 10,240 to 204,800 were used as primary antibody at a dilution of 1:500 in 0.1% BLOTTO for the Western blots. Western blot reactivity was developed using chemiluminescence (ECL; Amersham Life Science).
Data and statistical analyses. Geometric mean titers (GMTs) of IgG in serum were determined for every group of mice. All of the nonresponders were included in the computation of the GMT. Serial, twofold serum dilutions were assayed; the lowest dilution tested was divided by 2 and used as the titer for the negative samples (i.e., negative samples were assigned a titer of 20). Standard errors were calculated on the log-transformed titers. The mean of the ratio of specific to total fecal IgA was determined for each group. Those stool samples in which NV-specific IgA levels were below detection were included in the calculation of the mean and were assigned a value of one-half of the minimal detectable IgA level (3.125 ng). Total IgA levels were determined for 63 of the negative (no detectable NV-specific IgA) fecal samples and for the preimmunization fecal samples. These values were averaged and used as the total IgA for 11 of the negative fecal samples for which the volume was insufficient to complete the total IgA assay.
Statistical analyses were performed using SPSS version 7.0 for Windows (SPSS, Inc., Chicago, Ill.). Nonparametric data were analyzed by 2 , Fisher's exact, and Wilcoxon's signed rank tests. GMTs were compared using Student's t test, the paired t test, or one-way analysis of variance (ANOVA) followed by Tukey's Honestly Significant Difference (HSD) test. ANOVA was used to compare multiple groups, and when a significant difference was detected, Tukey's HSD was then applied to determine which group(s) was different. Repeatedmeasure ANOVA was used to compare GMTs in mice over time, and when a significant difference between groups was detected, paired t tests were used to determine which groups were different. Simple and multiple linear regressions were used to evaluate the relationship of serum antibody level to vaccine dose.
RESULTS
Characterization of the rNV VLPs. Baculovirus-expressed rNV VLPs were produced as a vaccine candidate and characterized by SDS-PAGE, Western blot, and negative stain EM. SDS-PAGE and Western blot analyses revealed a major band with an apparent molecular weight of 58,000 (58K), and minor bands at approximately 50K and 30K were seen by Western blot (Fig. 1A) . EM analysis showed numerous VLPs of high purity which appeared structurally similar to the native virion (Fig. 1B) . There was no bacterial growth after bacteriologic culture for 2 weeks at 37°C, and endotoxin levels were below 0.02 endotoxin units per mg of VLPs. These data confirmed the purity and sterility of the VLP preparation prior to oral delivery to mice.
Oral administration of rNV VLPs induces a systemic immune response in mice. To evaluate the potential of rNV particles as an oral immunogen, various doses of rNV VLPs in the presence or absence of CT were delivered to CD1 mice by oral gavage. Serum antibody responses were measured by ELISA, and the GMT was calculated for each group of mice (Fig. 2) . All preimmune serum samples taken prior to the first immunization were negative (titer, Ͻ50) for rNV-specific IgG (data not shown). Control mice that received PBS or PBS with CT also lacked serum IgG (titer, Ͻ50; lowest dilution tested; data not shown).
A serum IgG response was obtained with as little as 5 g of particles in the absence of CT, although vaccine concentrations of 5 and 25 g induced relatively low antibody titers, ranging from 100 to 400, with a GMT of 73 and 130, respectively. Serum antibody titers induced by 50 to 100 g of VLPs were variable, ranging from 100 to 204,800, with GMTs of 60 to 622. Doses at or exceeding 200 g of VLPs without CT consistently induced a serum antibody response in all of the mice, with a GMT ranging from 514 to 1,165. The titers were variable within each group of mice, with maximum titers reaching 409,600 in the absence or presence of adjuvant. Some of the variation in titers may be due to our use of outbred animals for these experiments. Responses to 75 g of VLPs without CT were significantly lower (P Ͻ 0.05, ANOVA and Tukey's HSD test) than the responses to the 200-and 500-g doses without CT. These data indicate that rNV VLPs are immunogenic when administered orally to mice and a mucosal adjuvant is not required for the induction of serum IgG.
An alternative immunization schedule of two oral doses at a 3-week interval was tested in one group of mice given a dose of 500 g of VLPs without CT. All mice (n ϭ 5) in this group developed serum antibody to NV, and when compared to those mice given the four-dose regimen with an equivalent dose of VLPs there were no significant differences (P Ͼ 0.05, Student's t test) in the levels of the response. These data indicate that two oral doses at a 3-week interval are sufficient to elicit a serum IgG response in the absence of CT.
In the presence of 10 g of CT, a lower concentration of antigen (5 g) was sufficient to induce a positive serum IgG response in 100% of the mice, with titers ranging from 50 to 200 and a GMT of 94 (Fig. 2) . Although CT did not increase the number of responders, when CT was used as a covariant in the multiple regression analyses, CT was found to alter the slope (degree) of the response, with higher responses seen at the higher doses of rNV VLPs. Thus, enhancement of the magnitude of the IgG response by CT was dependent on the dose of the immunogen.
The serum antibody GMT following the oral delivery of 5 g of VLPs with CT was significantly lower (P Ͻ 0.05, ANOVA and Tukey's HSD test) than the GMTs following the administration of 75, 100, and 200 g of VLPs with CT. The magnitude of the antibody responses to 25 g of VLPs administered with CT was significantly lower (P Ͻ 0.005) than the antibody titers obtained with 100 and 200 g of VLPs given with CT; 50 g of VLPs induced significantly lower antibody titers when compared to the titers elicited by the 200-g dose in the presence of CT. The serum IgG response to the vaccine delivered with and without CT was dose dependent by simple linear regression (P Ͻ 0.001).
Oral administration of rNV VLPs induces an intestinal IgA response in mice. Stool suspensions were assayed for rNVspecific and total IgA by ELISA to evaluate the induction of mucosal antibody by different doses of rNV VLPs given with and without CT (Fig. 3) . Doses of 200 and 500 g of VLPs resulted in intestinal IgA responses in 60 and 62.5%, respectively, of the mice. The induction of mucosal IgA in the absence of adjuvant occurred more frequently with a higher dose (200 g) of VLPs than with doses of 100 g or less (P ϭ 0.015, 2 ). These data show that intestinal IgA responses were elicited in the majority of animals when relatively large doses of VLPs were administered without adjuvant.
When the rNV particles were delivered in the presence of CT, lower concentrations of VLPs induced intestinal IgA responses in a larger number of animals. When 100 g of rNV VLPs was delivered with CT, there was a significant increase (P ϭ 0.003, Fisher's exact) in the number of animals with a positive IgA response when compared to the number of responders that received antigen alone. Oral administration of VLPs at all doses below 100 g, and at 200 g with CT, induced an equivalent level of intestinal IgA (P Ͼ 0.05) when compared to the same dose given in the absence of CT (Fig. 3) . Intestinal IgA response rates progressively increased when the 5-and 25-, 50-and 75; and 100-and 200-g groups were compared (P ϭ 0.001, 2 trend), showing a dose response in the presence of CT adjuvant.
Kinetics of total serum IgG response in CD1 and BALB/c mice. We next determined if the genetic background of the mice influenced the immune response to the rNV oral immunogen and evaluated the kinetics of the serological response. CD1 outbred and BALB/c inbred mice were orally administered four doses of 200 g of rNV particles with or without CT and were evaluated for NV-specific serum antibody after each dose (Fig. 4) . A dose of 200 g of VLPs was chosen because 100% of the CD1 mice responded at this dose in the presence and absence of CT in the previous experiment (Fig. 2) . After the first two doses (day 9), 90% of the CD1 mice had a positive antibody response in serum, with titers ranging from 160 to 2,560, with a GMT of 724 in the absence of CT (GMT of 452 when the nonrespondes were included), and from 160 to 1,280, with a GMT of 404, in the presence of CT or 242 when the nonresponders were included. The IgG titers in the CD1 mice increased after the third (day 26) and fourth (day 45) dose of VLPs to a final GMT of 3,620 and 2,941 without and with CT, respectively ( Fig. 4A ; includes nonresponders). There were no significant differences in the IgG responses (P Ͼ 0.05, Student's t test) in the presence or absence of adjuvant. Thus, CT did not augment the serum IgG response to the rNV VLPs in the outbred animals at a dose of 200 g. When the CD1 mice IgG responses were compared after two, three, or four immunizations, there were significant increases in titer after the third (P ϭ 0.003, paired t test) and fourth (P ϭ 0.004) dose in the absence of CT. With CT, the differences in the IgG titers at 26 and 45 days postimmunization (dpi) were not significant, whereas the titers were significantly increased at 26 dpi (P ϭ 0.013) and 45 dpi (P ϭ 0.004) when compared to the antibody response at 9 dpi.
Similar to the CD1 mice, the IgG titers in serum of inbred BALB/c mice increased after each immunization (Fig. 4B) . Two immunizations of VLPs (9 dpi) administered to BALB/c mice in the absence of CT resulted in a serum antibody response in 75% of the animals, with a GMT of 190 with nonresponders. In the presence of CT, two doses were sufficient to elicit a serum IgG response in 82% of the inbred mice (GMT ϭ 181). On day 45, the final GMT in the inbred mice was 570 in the absence of CT and 1,646 in the presence of adjuvant (calculations include all mice). The BALB/c mice had similar serum IgG responses in the presence and absence of CT (P Ͼ 0.05). There were significant differences between the antibody titers at 9 and 26 dpi, at 9 and 45 dpi, and at 26 and 45 dpi when the VLPs were administered with CT (P ϭ 0.005, Ͻ0.001, and 0.002, respectively, paired t test). Antibody responses of the BALB/c mice in the absence of CT were not significantly different at 9 and 26 dpi, but a significant increase in IgG titers was seen at 45 dpi when compared to the titers at 9 dpi (P ϭ 0.006) and 26 dpi (P Ͻ 0.001, paired t test).
GMTs were significantly higher in the CD1 mice when compared to the BALB/c mice in the absence of CT at 9 dpi (P ϭ 0.044), at 26 dpi (P ϭ 0.009), and at 45 dpi (P ϭ 0.022). No significant differences in the serological responses to the orally delivered rNV VLPs in the presence of CT were observed between the two mouse strains. In both strains, two doses of VLPs given 1 day apart were sufficient to elicit a serum IgG response in the majority of the animals and there were no differences in the GMT with and without CT. Subsequent doses resulted in an increase in titer. These data indicate that the rNV VLPs are an effective oral immunogen in inbred and outbred mice and tolerance was not induced.
Kinetics of IgG subclass responses in CD1 and BALB/c mice. Serum IgG subclass responses were monitored in CD1 and BALB/c mice by ELISA to obtain preliminary insights into the nature of the immune response. The serum samples from all mice that were positive for rNV-specific total IgG were included in these assays, i.e., 90% of the CD1 serum samples, and 75 to 100% of the BALB/c serum samples were assayed for subclass IgG responses. In the absence of CT, the predominant subclass induced by the oral delivery of rNV VLPs was IgG2b (Fig. 5A and B) , with a GMT of 15,521 in CD1 mice and 5,120 in BALB/c mice. In the presence of CT, IgG2b remained the predominant IgG subclass in CD1 mice (GMT of 11,763), but FIG. 3 . The intestinal IgA responses in CD1 mice to different doses of rNV particles orally administered in the presence or absence of CT. The concentration of VLPs given to each group of mice is shown in the x axis. Each dose was administered by gavage on days 1, 2, 11, and 28. Two independent ELISAs were used to measure the NV-specific and total IgA. The y axis shows the mean of the ratio in nanograms/milliliter of NV-specific IgA to micrograms/milliliter of total IgA or nanograms of specific IgA per microgram of total IgA. The number above each bar depicts the number of responders with detectable specific IgA over the total number of animals tested. The error bars show the standard errors of the mean. When NV-specific IgA was not detected, a value of 3.125 ng (one-half the lowest detectable level of specific IgA) was assigned to that sample, divided by the total IgA concentration, and used in the calculation of the mean and standard error. The number of responders to 100 g of VLPs was significantly different when administered with or without CT (F) (P ϭ 0.003, Fisher's exact test). In the 25 g of rNV dose with CT, one mouse had a ratio of 245 ng of rNV-specific IgA/g of total IgA which was excluded in calculating the mean ‫.)ء(‬ The mean is 26.4 when the 245 ratio is included. In the 200 g of rNV dose with CT, one mouse had a ratio of 145 ng rNV-specific IgA/g of total IgA which was excluded in calculating the mean (ϩ). The mean is 29 when the 145 ratio is included .   FIG. 4 . The kinetics of serum IgG responses to the oral delivery of 200 g of rNV VLPs with and without CT in outbred CD1 (A) and in inbred BALB/c (B) mice as measured by ELISA. The CD1 mice used in this experiment were an independent group of mice from those used for the data shown in Fig. 2 and 3 . The y axis shows the GMT of serum IgG in samples taken on days 0, 9, 26, and 45 postimmunization (x axis). The VLPs were administered orally on days 1, 2, 11, and 28 (1) . Data shown are from the second, third, and fourth immunizations. Above each bar are the number of responders over the total number tested. The error bars show the standard errors of the mean. All calculations include the data from the nonresponders. Significant differences in the GMT were seen between the CD1 and BALB/c mice in the absence of CT (P ϭ 0.044
a large amount of IgG1 was also induced (panel C), reaching a GMT of 5,120. IgG1 (GMT ϭ 3,880) was the predominant IgG subclass produced by BALB/c mice in the presence of CT, followed by an IgG2b response (GMT ϭ 1,689). In addition, IgG2a was induced to a GMT of 485 (panel D). Taken together, a shift to an IgG1 subclass response (Th2 response) was observed when rNV VLPs were administered in the presence of CT in BALB/c mice. While a similar shift did not occur in CD1 mice, there was an increase in the IgG1 response in CD1 mice. The BALB/c mice also produced relatively less rNVspecific IgG2b when compared to the IgG2b secretion in CD1 mice.
Kinetics of fecal IgA responses in CD1 and BALB/c mice. The development of rNV-specific intestinal IgA in inbred and outbred animals was evaluated by testing stool extracts in an ELISA (Fig. 6) . At 9 dpi, in the absence of CT, NV-specific IgA was not detected in the stools of the CD1 mice, whereas in the presence of CT, 30% of the CD1 mice had detectable intestinal IgA, ranging from 0.36 to 3.32 ng of NV-specific IgA per g of total IgA (Fig. 6A) . In contrast, at 9 dpi, NV-specific intestinal IgA was detected in 42 and 64% of BALB/c mouse stools with and without CT, respectively (Fig. 6B ). There were no significant differences (P Ͼ 0.05, Fisher's exact) in the NV-specific IgA responses between the outbred and inbred animals or in the number of mice with detectable NV-specific IgA responses in the presence or absence of CT at all time points.
After the final immunization (37 dpi), the number of CD1 responders significantly increased to 70% (without CT, P ϭ 0.02) or 80% (with CT, P ϭ 0.07) when compared to those at 9 dpi, but the level of the NV-specific IgA did not significantly increase (P Ͼ 0.05). The BALB/c mice did not show a significant difference in the number of responders at any time point. The antibody induced to orally administered rNV VLPs is specific and reactive with native NV virions. We also tested the specificity of the antibody response by Western blot analysis. Mouse sera with high ELISA titers after the oral delivery of rNV VLPs were tested with lysates of uninfected Sf9 cells and with wild-type baculovirus-infected cells. Ponceau S staining revealed numerous protein bands in the Sf9 cell lysate lanes and a predominant band with an apparent molecular weight of 71,000 in the baculovirus-infected lysates. The mouse sera tested showed no detectable reactivity with any of the cellular or baculovirus proteins, whereas there was positive reactivity against the rNV capsid protein (data not shown). These data indicate that rNV antibody induced by oral immunization was specific to rNV VLPs and antibody detectable by Western blot was not induced to any potentially minor cellular or baculovirus protein contaminants.
Finally, the mouse antibody induced to the orally delivered rNV was tested for its reactivity with native NV virions in an antigen ELISA. Four volunteer stool samples that contained NV particles as determined by previous testing (positive by reverse transcription-PCR, ELISA, and immunoelectron microscopy) (15, 50) showed high optical density readings (Ͼ1.00) in the antigen ELISA when the mouse sera were utilized as the detector antibody, while the same mouse sera had no reactivity to stool samples which lacked NV based on reverse transcription-PCR, ELISA, and immunoelectron microscopy (data not shown). Thus, mouse immune sera generated to rNV VLPs delivered orally recognize and bind native NV virions. mice. IgA levels were determined by two independent ELISAs which measured rNV-specific and total IgA, respectively. The y axis shows the mean of the ratios of rNV-specific IgA (expressed in nanograms/milliliter) to total IgA (expressed in micrograms/milliliter). The VLPs were administered orally on days 1, 2, 11, and 28 (1). The numbers above each bar indicate the number of animals with detectable intestinal IgA over the total number of animals tested. The error bars depict the standard errors of the mean. When specific IgA was not detected, a value of 3.125 ng/ml (one-half the detectable level of specific IgA) was used in the calculation of the mean. Because the data are expressed as a ratio, there were instances in which samples that had detectable rNV-specific IgA calculated to a lower ratio than negative samples. This was seen at 9 dpi. The number of CD1 responders significantly increased after the last dose of VLPs (day 37) when compared to the number of responders at 9 dpi in the presence (P ϭ 0.07 [ϩ]) or absence (P ϭ 0.02 ‫)]ء[‬ of CT. Sufficient fecal samples were not available for testing from some animals (day 0, panel B).
DISCUSSION
This article reports studies of the serum IgG and intestinal IgA responses in mice orally administered rNV VLPs. The results of these studies serve as a model for evaluating responses to an orally administered VLP subunit vaccine and are a first step in evaluating an oral rNV vaccine. We have established a dose response in the absence of adjuvant that will be useful in designing human vaccine trials using an oral subunit NV immunogen.
The rationale to develop an oral vaccine for enteric pathogens is founded in the success of oral, live, attenuated poliovirus vaccines (45) (46) (47) . Oral immunization offers many practical advantages over parenteral immunization. Oral immunogens are easy to deliver, more acceptable to patients, and the reduction in need for highly trained personnel results in simpler logistics for mass immunization. In addition, oral immunization may induce a vigorous immune response at mucosal surfaces, which are the most common entry sites of infectious agents. However, oral administration of antigen, especially nonreplicating antigen, presents several challenges that must be overcome to achieve an efficacious oral vaccine. The immunogen must maintain its native structure and antigenicity in the acid pH of the stomach, and it must be stable to proteolytic enzyme digestion in the gastrointestinal tract. A variety of oral delivery systems and mucosal adjuvants have been developed to enhance the oral immunogenicity of nonreplicating antigens. Nonreplicating antigens have been incorporated into liposomes (58), gelatin capsules (13, 42) , and biodegradable microspheres (30, 33, 43, 48) and delivered by conjugation to anti-major histocompatibility complex class II antibodies (12) in attempts to protect the immunogen from the intralumenal environment, reduce the effective dose, and enhance antigen processing. Although each system has met with some success, liposomes have a reduced uptake and stability in the intestinal environment (58) , chemicals used in microencapsulation can degrade key epitopes, only a small portion of the antigen is incorporated into the microspheres, and limited numbers of the microspheres are absorbed from the gastrointestinal tract through the Peyer's patches (PP; 5-to 10-m size range) (10, 43) .
We have shown that nonreplicating rNV VLPs are immunogenic in the absence of any oral delivery system or mucosal adjuvant. Oral delivery of the particles induced NV-specific serum IgG and mucosal IgA in the majority of animals. There may be several reasons for this success. First, rNV VLPs are stable to acid pH (21) and apparently survive exposure to the enzymes of the gastrointestinal tract, like the native infectious virion. Second, because the rNV VLPs are particulate, they may be taken up by M cells of the PP where they stimulate local precursor IgA plasma cells and activate the common mucosal immune system (38, (40) (41) (42) . Alternatively, the rNV VLPs could interact specifically with a cellular receptor followed by uptake and presentation to immune cells. Binding and internalization studies using rNV VLPs with cultured human and animal intestinal cells have shown saturable and specific binding to the cell surface followed by low levels of internalization (59) . Our present studies in mice have not determined if the VLPs are taken up by PP or bound by a specific cellular receptor, or both. The latter initially seems unlikely because mice are not susceptible to infection with NV. However, the block to NV infection in mice could occur after viral binding or internalization.
The induction of IgA responses after oral delivery of rNV VLPs required higher concentrations of antigen than those required to induce serum IgG responses in the majority of the mice. Additionally, serum IgG responses were observed earlier than intestinal IgA responses. These results are consistent with reports of the oral delivery of soluble protein antigens delivered in the presence of CT (47) . The induction of IgG versus IgA with respect to dose and kinetics was similar with rNV VLPs given in the absence or presence of CT. Oral delivery of rNV VLPs alone was sufficient to induce an immune response and may be particularly useful as a mucosal immunogen. The observation that CT was not required for the induction of a systemic or mucosal antibody response is notable, although CT did influence the magnitude of the IgG response at higher doses of VLPs.
The development of an appropriate CD4 ϩ Th-cell subset may be important for disease resolution and for the effectiveness of a vaccine (8, 14) . To begin to explore the type of Th or inflammatory cells induced by the rNV VLPs, the IgG subclass response was determined in CD1 and BALB/c mice. Antibodies of the IgG2a isotype (Th1 response) are most often induced by viral infections or viral antigens (4) (5) (6) 55) , and IgG2a and IgG2b isotypes are the most effective in complement activation as well as antibody-dependent, cell-mediated cytotoxicity (31, 32) . We found that in the absence of CT, IgG2b was the dominant antibody isotype induced by the oral delivery of rNV particles in inbred and outbred mice. Although immunological studies have implied that different routes of immunization influence the isotype of the antibody response (8), IgG2b was the predominant subclass in sera from mice intraperitoneally infected with another virus, foot-and-mouth disease virus (FMDV) (14) . Thus, with FMDV, the route of immunization did not influence the stimulation of an IgG2b response. It is not known if altering the route of administration of the rNV particles would influence the induction of IgG2b; this will be evaluated in future studies.
Data from other systems have shown that IgG2b secretion is induced by transforming growth factor ␤ which is produced by inflammatory cells such as macrophages (3, 39, 52, 56) . The role of macrophages and other inflammatory cells in the induction of an antibody or clinical response to NV is not known, although mononuclear cells have been reported in biopsies from volunteers administered NV (28) . Additional studies are needed to determine if the IgG2b response predominates in natural NV infections and if inflammatory cells play a role in NV-induced disease.
In the presence of CT, there was an increase in the level of rNV-specific IgG1 in CD1 mice, although IgG2b remained the dominant IgG subclass response. In BALB/c mice, IgG1 was the predominant subclass response when the VLPs were delivered with CT. A shift to a Th2 response (IgG1 isotype) when antigen is administered in the presence of CT has been previously reported in BALB/c mice (36) . In addition, differences in the predominant antibody subclass response in different mouse strains have been reported; in response to bacterial lipopolysaccharide BALB/c mice secreted lower relative amounts of IgG2b compared to IgG3 and IgG1 when directly compared to the IgG subclass response in DBA/2 mice (39). Consistent with these data, the BALB/c mice secreted relatively less rNVspecific IgG2b when compared to the IgG2b secretion in CD1 mice.
The induction of tolerance is a concern with oral immunogens. Immunogens fed daily in small doses or in a single high dose often induce oral tolerance that appears to be mediated by cellular or humoral suppresser factors (2, 37, 53) . Our results with oral immunization using the rNV VLPs indicate that tolerance was not induced. After each oral dose of rNV VLPs, the level of IgG and intestinal IgA in serum increased or the number of responders increased. In addition, following a parenteral boost, serum IgG responses increased (data not shown). Soluble proteins are often tolerogenic, whereas particulate antigens are less tolerogenic and can stimulate secretory antibody when multiply administered at a higher dose (1, 18, 19) . We hypothesize that the VLPs are ideally folded or have enough structure and/or stability to induce the production of NV-specific secretory IgA without inducing tolerance.
The results from this study are the first step in evaluating an orally delivered rNV VLP immunogen. This study is useful in showing that these VLPs are immunogenic when given orally, and the dose response can be used to design phase I human trials. If this vaccine is shown to be safe and immunogenic in volunteers, the next step will be to test whether protective immunity is induced. Because NV remains refractory to being grown in cell culture and in animal models, we cannot monitor the induction of neutralizing antibody and the immunogenicity of the rNV VLPs shown in mice cannot predict protective efficacy in volunteers. Indeed, currently there are no correlates of protection for any model. However, such correlates may be defined as studies with volunteers proceed and new assays are developed to monitor responses to conserved and variable domains shown recently to be present within the capsid protein (11) . Ultimately it should be possible to manipulate the single capsid protein of NV so that chimeric VLPs serve as carriers for protective epitopes of other enteric pathogens. These goals are being facilitated by determination of the structure of this capsid protein, by determination of domains needed for virus assembly, and by the identification of synthetic peptides corresponding to different regions in the capsid that induce human rNV-specific antibody responses following the oral delivery of rNV VLPs.
